ABSTRACT A computerized method for measuring relative coronary arterial stenosis by cinevideodensitometric analysis of 35 mm coronary arteriograms was developed and validated. Video images of projected coronary arteriographic frames were digitized into a 512 x 512 matrix (256 gray levels) by computer analysis that compared integrated contrast density measured over stenotic and normal arterial segments after background subtraction. Pixel density was 70 to 80 pixels/mm2 actual area. In phantom studies performed on plexiglass cylinders, cinevideodensitometric measurements correlated linearly with concentration of contrast medium (r = .99), with cross-sectional areas (r = .99) of contrast-filled cylinders 1 to 4 mm in diameter over a wide range of contrast concentrations (25% to 100%), and with relative stenosis of eccentric lesions in the cylinders (r = .99, SEE -3.9%). In another. Second, an estimation of relative stenosis based on minimal cross-sectional area is a more accurate indicator of blood flow than is that based on the degree of relative narrowing expressed in terms of relative diameters,9-U0 which is the traditional method for interpreting coronary arteriograms subjectively.
SEVERITY of coronary artery disease is routinely assessed by subjective visual interpretation of coronary cinearteriograms. Several studies, however, have documented the large intraobserver and interobserver variability that results from subjective visual grading of coronary stenotic lesions.'-' Furthermore, pathologic findings have shown a relatively poor correlation between the severity of coronary stenosis as estimated from coronary arteriograms and the actual severity of stenotic lesions measured in postmortem hearts.f7
The limitations of subjective analysis of coronary arteriograms have been attributed to several factors. First, coronary atherosclerotic lesions are nearly always eccentric rather than concentric.8 Hence, an eccentric lesion may appear highly stenotic in one angiographic projection but may appear minimally so in another. Second, an estimation of relative stenosis based on minimal cross-sectional area is a more accurate indicator of blood flow than is that based on the degree of relative narrowing expressed in terms of relative diameters,9-U0 which is the traditional method for interpreting coronary arteriograms subjectively.
The fact that there are no techniques for accurately grading the severity of coronary atherosclerotic narrowings from coronary arteriograms is a major limitation in the study of ischemic heart disease. Furthermore, there is clinical need for quantitative methods for interpreting coronary arteriograms. Grondin et al. ' demonstrated that a large proportion of patients who die after coronary bypass surgery have incomplete revascularization because the extent of coronary lesions was misinterpreted on subjective assessment of preoperative coronary arteriograms. Quantitative analysis of coronary arteriograms would provide a more objective method for deciding if individual coronary arteries should be revascularized and would facilitate decisions regarding the suitability of individual patients for coronary bypass surgery.
DIAGNOSTIC METHODS-CORONARY ARTERY DISEASE
Angiograms recorded on conventional 35 mm arteriographic film can be rapidly digitized by computer processing of the projected angiographic image. The projected image is recorded with a vidicon camera, and the resulting video signal is digitized into a 512 x 512 matrix with 255 gray levels, providing quantification of the optical density of each region of the film. The optical density of each arterial segment recorded on the angiographic frame reflects the volume of contrast medium within the arterial lumen, which directly represents the volume of the arterial segment.
In this study a method for measuring the cross-sectional area of coronary stenotic lesions by videodensitometric analysis of 35 mm coronary arteriograms was developed and validated in experiments with phantom models and postmortem human hearts. The hypothesis that videodensitornetric analysis of the optical density of contrast medium within an artery reflects the crosssectional area of the arterial lumen was tested.
Methods
Radiographic equipment. Coronary cinearteriograms were recorded on 35 mm cine film (Kodak CFR) at 32 frames/sec with an Arriflex camera. The radiographic equipment consisted of a Philips modular generator, an SRN 10/80 x-ray tube, and a trimodal (6, 10, 14 inch) cesium iodide image intensifier mounted on a Poly Diagnost A arm and scanned with a Plumbicon video tube. The focal spot size for coronary cine fluorography was 0.7 mm. The image intensifier was operated in the 6 inch mode, and x-ray exposure time was 5 msec. Due to the large size of the 14 inch image intensifier, the curvature of the input phosphor vacuum tube was only slightly convex in the 6 inch mode, which minimized pincushion distortion. Flatness of field with this system was + 3%; therefore, correction of field nonuniformity was unnecessary.
The 35 mm film was projected with a Vanguard projector (model M-35 C, Vanguard Corp., Melville, NY) and a single frame selected for analysis was scanned with a Panasonic model WV-1300A videocamera mounted on a Vanguard camera attachment (model 1 XR-TV-1). This optical assembly focuses light from the illuminated film frame in the projector's aperture onto the vidicon tube in the camera. The vidicon camera (type 20 PE13A) was operated with the automatic light compensation circuit off so that the target voltage of the pick-up tube was fixed rather than automatically adjusted. This camera scans the projected image at 30 frames/sec, each frame includes 525 lines, and the maximum video output level is 1 V. The dynamic range of the camera was 104 and the coefficient of variation of video noise was 1.45%.
Videodensitometric equipment. The RS-170 signal produced by the vidicon camera was digitized and processed by a video digitizer interface and analyzed with-the A2 software system (Medical Data Systems, Ann Arbor, MI) on a Nova computer. This system consists of a centtal processor with a 256 K byte mainframe memory, 10 and 80 M byte disk drives, and a separate logic rack with 512 K byte image memory, video acquisition logic, and display control logic (figure 1). Each incoming video level is converted into an eight-bit binary value, which represents one byte of converted video data. Logarithmic amplification of the video signal was unnecessary because the video image had been acquired from projected film rather than directly from the image intensifier (see Appendix). Acquisition and digitization of a coronary arteriographic frame requires several seconds. Once the video image has been acquired in computer memory, numerous programs are available for image manipulation and analysis by the A2 system. Uniformity of the projected image. Projection of light through a lens system may result in a decrease in light intensity at the periphery of an image." To evaluate light vignetting in the Vanguard projector, images of the light source were digitized and acquired without cinefilm in the film holder. The uniformity of the projected image was determined by profile analysis. Profile curves obtained vertically and horizontally showed that the projected image was uniform except at the extreme margins of the field. The decrease in projected light at the extreme margins was 4.7% in the horizontal plane and 4.6% in the vertical plane.
Linearity of the digital gray scale. The linearity of analogto-digital conversion of the video signal was tested by correlating the video signal measured for a calibrated photographic step tablet (Kodak No. 2) illuminated in the projector with actual film density. Fifteen graded film steps (0. 15 density increments) with a range of optical density from 0.05 to 2. 10 were projected, scanned with the video camera, and acquired with the video digitizer system. Videodensitometric values were measured for each density step by summating the values recorded within a 25 x 25 pixel rectangular region of interest (ROI). These summated videodensitometric values were correlated with those for film density and with light transmittance (figure 2).
Linear response to contrast concentration. 
R
The cylindrical holes were filled with contrast medium (meglumine diatrizoate) diluted in saline, and the phantom was filmed with the cinefluorographic equipment decribed above (figure 3). The phantom was placed between two 1 inch thick plexiglass blocks to provide additional radiographic attenuation. The total attenuation resulting from the three plexiglass blocks was equivalent to 7.5 cm of tissue, which approximates the radiographic attenuation of the chest. 2 The phantom was filmed with the cylindrical holes filled with different concentrations of contrast medium (12.4%, 25%, 50%, 75%, and 100%). The developed cine film was then projected as described above, and individual cine frames were digitized and acquired.
Profile analysis of the resulting digital image was performed by positioning a one-pixel wide ROL horizontally across the image ( figure 3 ). The videodensitometric values recorded for all pixels across each contrast-filled cylinder were summated and background corrected. These summed videodensitometric values were then correlated with the actual cross-sectional areas of the cylinders by linear regression analysis. Experiments were repeated with different concentrations of contrast medium to determine if, over a wide range of concentrations of contrast medium, the summed videodensitometric signal was linearly proportional to the cross-sectional area of a contrast-filled cylinder.
Phantom model of stenotic lesions. To evaluate the accuracy of cinevideodensitometric analysis for measurement of the relative cross-sectional areas of eccentric stenotic lesions, the following phantom experiment was performed. To simulate eccentric stenotic lesions, precision-ground rods of solid plexiglass (0.81, 1.56, and 3.16 mm in diameter) were inserted into the contrast-filled cylindrical holes in the plexiglass phantom to reduce the cross-sectional area of each column of contrast medium by a precise amount (figure 4). The rods were positioned approximately halfway down each cylinder displacing contrast medium, so that the cross sectional area of the resulting anulus of contrast medium was equal to the cross-sectional area of the cylinder minus the area of the rod.
The contrast-filled phantom containing these rods was then filmed using the fluoroscopic automatic brightness control to optimize the visual quality of the cine image. Plexiglass blocks were added to provide additional radiographic attenuation. The projected images were then digitized and acquired as described above. The image for each contrast-filled cylinder was analyzed by positioning rectangular ROls perpendicularly (two-pixel width) across the cylinder (figure 4). One ROI was positioned over the narrowed segment of the cylinder, and the other was positioned over the unobstructed segment of the cylinder. The videodensitometric values in these ROls were background corrected and the percentage stenosis was calculated as described below.
Videodensitometric analysis of coronary arteriograms. Relative stenosis of coronary arterial lesions, expressed as percentage reduction in cross-sectional area, was calculated by the following method of videodensitometric analysis of 35 mm coronary cineangiograms. This Iinethod was based on the finding, demonstrated in the above phantom experiments, that the videodensity of cine film is linearly proportional to amount of contrast medium and to the cross-sectional area of the contrastfilled cylinder.
A coronary cine frame was selected for analysis that met the following criteria. First, the frame was selected from the middle phase of the contrast injcction when the stenotic lesion was well opacifled. Second, the selected frame had to display the long axis of the arterial segment without foreshortening. Therefore, a radiographic projection was chosen in which the x-ray beam was at approximately right angles to the long axis of the artery. Third, the frame had to display the stenotic segment and an adjacent normal segment clearly, with both segments located away from extreme Inargins of the field.
The selected frame was then digitized in the 512 x 512 mode and stored in the video analyzer memory with the use of the static acquisition program, as described above. The digitized image was then analyzed quantitatively by positioning rectangular ROls on the digitized image displayed on the monitor screen with a joystick. Rectangular ROls, two pixels in width, were positioned across the stenotic and normal segments of the artery as shown in figure 5. One ROI was centered over the narrowest site of the stenotic lesion, and the other was positioned over the normal arterial segment adjacent and proximal to the stenosis. Each ROI was long enough to extend beyond both margins of the arterial lumen. Two smaller ROls (each 2 X 2 pixels) were background-corrected videodensitometric value (V,) across the arterial segment was then calculated as: V, = V -nb, where V is the total videodensitometric value in the ROL across the arterial segment, n is the number of pixels in the ROI, and b is the average background density per pixel.
This approach separates the videodensitometric signal representing the columnn of contrast medium from the background density without requiring identification of the margins of the arterial lumen. Percentage relative stenosis was then calculated as: % Stenosis = 1OOX(Vn -Vs)/Vn, where Vn and Vs are background-corrected videodensitometric values for the normal and stenotic arterial segments, respectively.
Postmortem validation studies. In four patients who died within X month of undergoing coronary arteriography, cinevideodensitometric measurements of relative stenosis were correlated with percentage stenosis measured directly by histologic planimetry. Although postmortem changes due to shrinkage and fixation artifacts affect the absolute cross-sectional areas of the arterial lumen, the relative cross-sectional areas expressed as percentages are probably unchanged. 4 The coronary arteries were incised transversely and the locations of stenotic lesions were identified by relating the positions of branch arteries and lesions to the patterns observed on the coronary arteriogram. Blocks were taken of the stenotic segments and adjacent normal segments and fixed in 10% formaldehyde, embedded in parat fin, and serially sectioned (4 to 5 gm) with a microtome. Every twenty-fifth section was mounted and stained with hematoxylin-phloxine-saffron. The cross-sectional areas of the stenotic and normal arterial segments were measured with a computerassisted light-microscopic planimeter (Carl Zeiss, Inc., New York). The intimal margins of the arterial segments were traced, and the cross-sectional luminal area was calculated with appropriate imiagnification factors. Relative stenosis was expressed as: % Stenosis = 100 X (An -As)/An, where An is the cross-scetional area of the normal segment, and As is the cross-sectional area of the stenotic segment.
Results
Relationship between film density and videodensitometric values. The relationship between film density and videodensitometric mean values per pixel measured by the digital analyzer system is illustrated in figure 2 . This relationship was essentially linear over a range of film density from 0.15 to 0.80, which encompasses a wide range of transmittance (from 70% to 12%). Although nonlinearity was observed for densities less than 0.15, this was insignificant because the minimum base density of the film is approximately 0.12. The nonlinearity observed for film densities greater than 0.80 was also not relevant because film densities greater than 0.80 were rarely observed during analysis of projected coronary arteriograms. ters of the cylinders displayed in the videodensitometric images correlated linearly with actual cylinder diameters in millimeters (r = .99).
Summated background-corrected videodensitometric values calculated for the cylinders by horizontal profile analysis of the video images of the plexiglassphantoms are shown in figure 8 plotted against actual cross-sectional areas of the cylinders. For all concentrations of contrast medium, the correlation between summated videodensitometric values and cross-sectional area was found to be highly linear (r = .99). This experiment demonstrates that, over a wide range of concentrations of contrast medium, the videodensitometric value obtained for a contrast-filled cylinder recorded on film is linearly proportional to the crosssectional area of the cylinder.
Phantom model of eccentric stenoses. Nine plexiglass models of eccentric narrowing were analyzed by the cinevideodensitometric method described above. The cylinders varied in diameter from 1.78 to 4.16 mm, and the percentage of narrowing ranged from 5% to 79%. In figure 9 a comparison of the mean percentage reduction in videodensitometric values and the actual reduction in cross-sectional area for the narrowed sections of the cylinders is illustrated. As shown, the reduction in videodensitometric value correlated highly (r = .99, SEE = 3.9%) with percentage reduction in cross-sectional area.
Digital conversion of coronary cineangiograms. Figure  10 is To determine if variations in contrast concentration during injection of contrast medium into the coronary artery would affect the accuracy of the videodensitometric measurements, serial cine frames of a stenotic arterial segment were sequentially analyzed during the initial phase of an angiogram. Table 1 lists the background-corrected videodensitometric values recorded over the normal and stenotic arterial segments from every other cine frame (32 frames/sec) during the initial 650 msec of contrast injection. The absolute videodensitometric values increased rapidly, reflecting the increased concentration of contrast medium in the arterial lumen, and then became more uniform. Despite frame-to-frame variations in the absolute videodensitometric values, the percentage stenosis remained fairly constant, implying that the concentrations of contrast medium in the normal and stenotic arterial segments were equivalent.
Interobserver and intraobserver variability. To determine interobserver variability in videodensitometric 518 The following experiments were conducted to establish the validity, precision, and accuracy of this method. The field uniformity of the projected image was tested and found to be uniform except at the extreme margins of the field. The digital gray scale was found to be linearly related to the film density over the range of film densities typical for coronary arteriograms (figure 2) . The cinevideodensitometric signal was found to vary linearly with concentration of contrast medium (figure 6). The integrated videodensitometric signal measured over contrast-filled cylinders correlated linearly with cross-sectional areas of the cylinders over a wide range of contrast concentrations (figure 8). In phantom experiments of eccentric stenoses, the relative reduction in the cinevideodensitometric signal correlated highly with the actual reduction in crosssectional area ( figure 9 ). Videodensitometric analysis of coronary arteriograms resulted in comparable values for relative stenosis of eccentric lesions in different angiographic projections ( figure 11 ). The intraobserver and interobserver variability in videodensitometric analysis of coronary arteriograms were found to be small with SEEs of 7.7% and 4.3%, respectively (figure 12). Finaily, the percentage of relative stenosis measured by cinevideodensitometric analysis correlated well with percentage reduction of cross-sectional area measured histologically in postmortem hearts (figure 13).
Conventional methods for quantifying arterial dimensions from contrast angiograms are based on computer-assisted or manual tracings of the margins of the arteries from projected angiograms.'3-'5 These methods are limited to two-dimensional analysis and their accuracy is limited for edge-detection analysis of projected angiograms because of absorption unsharpness. Absorption unsharpness results from the gradual change in x-ray attenuation as the x-ray beam penetrates the edge of a cylinder of contrast medium and produces a poorly defined margin.`6
The principal feature of the present digital analysis system that permits accurate quantification of small arteries is the high pixel density resulting from 512 x 512 digitization. Pixel width ultimately limits the accuracy of digital analysis of vessel dimensions and determines the resolution of digital images.17 In the phantom studies, which were filmed under conditions comparable to those in conventional coronary arteriography, each pixel represented 0.12 mm width. In studies of digitized coronary arteriograms, the width of each pixel corresponded to 0.11 mm in the plane of the coronary catheter (2.33 mm diameter), which was used as a scaling device. Typically, each square millimeter of anatomic area was represented by 70 to 80 pixels, depending on radiographic magnification. This extremely high pixel density affords high-resolution digital images and permits precise analysis of the column of contrast medium within arterial lumens.
Another advantage of the videodensitometric method described in this study is that the need for border recognition is eliminated. The operator positions a rec-tangular ROI across the arterial lumen with the ends of the rectangle extending well beyond the margins of the artery. Average background density is then calculated and subtracted to yield the summated video signal that is proportional to the amount of contrast medium in the arterial segment. The simplicity of this approach considerably reduces the time required for each analysis.
The accuracy of conventional techniques for analyzing coronary arteriograms by edge-detection methods is limited because coronary stenotic lesions are frequently eccentric. Thus, a stenotic lesion often appears minor in one radiographic projection and severe in another. Cinevideodensitometry is more accurate in the analysis of eccentric coronary stenotic lesions because the video signal reflects the amount of contrast medium within the stenotic lesion independent of its geometry. Therefore, the degree of coronary stenosis measured by cinevideodensitometry should be the same for any radiographic projection in which the x-ray beam is directed at right angles to the long axis of the artery. This hypothesis was experimentaly confirmed in our study by the finding that the degree of stenosis, calculated by videodensitometry, was comparable for coronary lesions analyzed in both right anterior oblique and left anterior oblique projections.
Therefore, videodensitometric analysis of a stenotic lesion in only one radiographic projection is sufficient for calculating the degree of stenosis. Two practical advantages result from this feature. First, the time required for analysis of a lesion is shortened, and second, virtually all coronary stenoses can be analyzed by videodensitometry, because at least one projection that displays the stenosis adequately is virtually always available. With this system, a technician can complete videodensitometric analysis of a stenotic lesion in less than 5 min.
The present cinevideodensitometric method is based on the linear relationship that exists between the videodensitometric signal and the quantity of contrast of medium within the arterial lumen. The theoretical basis for this linear relationship has been described previously,8 and a mathematical formulation is provided in the Appendix. Briefly, the videodensitometric signal measured in our system is dependent upon the following: concentration and type of contrast medium, thickness of column of contrast medium in the arterial lumen, effective x-ray energy, light gain of image intensifier, characteristic curve of cine film, film processing methods, light output and lens characteristics of the projector, and measurement characteristics of the cine density digitizing system. However, for measurement of relative density in a single cine frame, the videodensitometric signal is basically only dependent upon the concentration and thickness of the column of contrast medium, as demonstrated in the Appendix.
Our method is based upon the following premises. First, the concentration of contrast medium is assumed to be equal in normal and stenotic arterial segments that are directly adjacent. Second, it is assumed that radiographic magnification is uniform. With the 14 inch image intensifier used in this study, field distortion was minimal. Third, our method is based on the premise that radiographic exposure is uniform for a single cine frame. Therefore, the normal and stenotic arterial segments selected for analysis must be located in the same cine frame. Videodensitometric values measured in different cine frames cannot be related because the automatic brightness control continuously varies x-ray exposure.
In addition, the cine frames selected for analysis must be chosen carefully. Frames should be selected that show the stenotic and normal segments of the artery clearly without superimposed branch vessels. Radiographic projections that foreshorten the long axis of the artery are unsuitable for analysis and must be avoided and frames recorded during systole may be affected by motion blur and should be avoided.
The videodensitometric values measured over each arterial segment must be corrected for adjacent background density. Background density is a relatively large component of the total videodensitometric signal, largely due to the wide latitude of the type of fluorographic film used. Film densities can be readily subtracted, however, since density is a logarithmic function.`Background density should be measured for two ROls located on opposite sides of the arterial segment because radiographic density often differs, particularly in radiographic projections that display the left ventricle on one side of the artery but not on the other. These background ROIs should be carefully positioned on the digitized image to avoid small arterial branches.
Experiments conducted with a calibrated photographic step tablet revealed a linear relationship between film density and the resulting video signal over the range of light transmittance from 63% to 18%, which includes the spectrum of regional film densities present on a typical coronary arteriogram recorded on Kodak CFR film. Although the relationship between film density and the video signal was nonlinear for densities greater than 0.9, the regional density of the coronary arteriograms recorded on Kodak CFR cinefluorographic film was rarely greater than 0.9. Thus, the videodensitometric signal was linearly related to film density over a range suitable for coronary cinearteriography when a slow-speed, low-contrast film is used that provides latitude and yields a wide range of tissue densities.
Accurate videodensitometric analysis of coronary arteriograms requires high-quality arteriograms. A combination of x-ray tube voltage, image intensifier field magnification, and cine frame exposure time should be used to obtain optimal arteriographic image quality. The cine film selected should be a fine-grain, low-contrast one that will record a wide range of tissue densities. Reduced frame exposure times are preferable to reduce motion blur. Adequate magnification of the coronary arteries requires either 5 or 6 inch image intensifier field size. X-ray tube voltage should not be permitted to exceed 110 kV; higher kilovoltage increases film haze due to x-ray scatter.
The major limitation of our technique is that the absolute dimensions of coronary stenotic lesions are not provided. However, modification of the method may permit calculation of the absolute cross-sectional areas of stenoses. Coronary catheters are available with radiopaque markers spaced 1 cm apart in the catheter shaft, which permit calculation of the radiographic magnification of the digitized coronary arteriographic frame. We have developed a computer algorithm for spatially calibrating digitized images and have validated the accuracy of this method with experiments in vivo and in vitro.20 With this algorithm the diameter of the normal arterial segment can be rapidly measured from a digitized image. From the calculated cross-sectional area of the normal segment and the percentage reduction in cross-sectional area determined by videodensitometry, it may be possible to determine the cross-sectional area of the stenosis. Validation of this approach will require further postmortem studies in hearts fixed with techniques that avoid tissue shrinkage.
In conclusion, this study introduces a cinevideodensitometric method for objective measurement of the relative degree of stenosis of coronary atherosclerotic lesions. The principal advantages of cinevideodensitometric analysis are: (1) eccentric lesions can be measured in a single projection, (2) manual tracing of arterial borders is unnecessary, and (3) measurements can be obtained rapidly and are reproducible.
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